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Kindlins are a protein family that regulates cell–matrix interactions. Although kindlin-2 is known to be essential
for the early developmental processes, its role in the homeostasis of adult tissues has remained elusive. In this
study, we used new domain-specific antibodies and small interfering RNA technology to uncover physiological
functions of kindlin-2 in human dermal fibroblasts in vitro and in adult skin in situ. In primary dermal
fibroblasts, kindlin-2 is essential for the integrin clustering and activation, and it regulates cell adhesion and
directed migration by guiding formation and maturation of focal adhesions (FAs) and organization of the
cytoskeleton. These functions are linked to the transmission of mechanical cues between cells and their
microenvironment, typically in processes wherein fibroblasts differentiate to myofibroblasts under mechanical
tension. In concert, kindlin-2 was shown to be required for the stabilization and maturation of FAs and stress
fibers in activated fibroblasts and myofibroblasts. These findings implicated that in physiological wound closure
and tissue repair, the prediction was validated by strong upregulation of kindlin-2 in contractile myofibroblasts
during middle stages of wound healing in human skin. Taken together, the data reveal a physiological role for
kindlin-2 in skin fibroblasts under normal steady-state conditions and during tissue regeneration.
Journal of Investigative Dermatology (2011) 131, 245–256; doi:10.1038/jid.2010.273; published online 23 September 2010
INTRODUCTION
Kindlins are a family of regulators of integrin signaling and
cell–matrix adhesion (Larjava et al., 2008), which are causally
linked to human genetic disorders. Also designated as
fermitin family homologs, they have as a structural hallmark
a centrally located FERM (protein 4.1, ezrin, radixin, moesin)
domain which consists of three subdomains (F1, F2, and F3)
and is interrupted by a pleckstrin homology domain (Larjava
et al., 2008). The F3 subdomain is important for binding to
the intracellular tail of b-integrins and, together with talin,
kindlins coactivate integrins (Meves et al., 2009). The tissue
specificity of the family members differs; kindlin-2 (fermitin
family homolog 2) is expressed early in development and
almost ubiquitously, whereas kindlin-1 (fermitin family
homolog 1) and kindlin-3 (fermitin family homolog 3) are
restricted to epithelial and hematopoietic cells, respectively
(Ussar et al., 2006; Montanez et al., 2008).
The biological role of kindlin-1 is underlined by its
association with Kindler syndrome (Lai-Cheong et al.,
2009b), a genetic skin disorder, and that of kindlin-3 with
leukocyte adhesion deficiency syndromes (Meves et al.,
2009). Thus far, no human disease is known to be associated
with genetic defects of kindlin-2 (Lai-Cheong et al., 2009b).
Consequently, very limited information exists on the physio-
logical functions of kindlin-2. The data are mainly derived
from knockout animal models and in vitro studies with cell
lines. The essential role of kindlin-2 in development is
demonstrated by the peri-implantational lethality of knock-
out mice (Montanez et al., 2008). Kindlin-2 / embryoid
bodies exhibit degeneration, increased apoptosis, and ab-
sence of cavity formation as a consequence of diminished b1
integrin activation (Montanez et al., 2008). At the cellular
level, kindlin-2 –/– embryonic stem cells show a normal
proliferation rate, but strongly reduced adhesion to laminins
and fibronectin (Montanez et al., 2008). In zebra fish, kindlin-
2 knockdown generates a progressive post-fertilization
phenotype with reduced size, a bent midbody, a fore-
shortened tail, impaired motility, and cardiac, ocular, and
central nervous system abnormalities, leading to death by
day 7 (Dowling et al., 2008a). In line with these observations,
in C2CI2 cells, kindlin-2 contributed to myocyte elongation
and fusion in multinucleated myotubes (Dowling et al.,
2008b).
Data derived from chinese hamster ovary, endothelial, and
colon cancer cell lines suggested a role for kindlin-2 in b
integrin-mediated cell-matrix adhesion (Shi et al., 2007; Ma
et al., 2008). However, overexpression and knockdown
experiments yielded contradicting results regarding specific
functions. Evidence for both suppression of cancer cell
invasion in leiomyosarcoma or colon carcinoma cell lines
(Shi et al., 2007; Shi and Wu, 2008) and stimulation of
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cell migration in malignant mesothelioma and in HUVEC
cells (Ma et al., 2008; An et al. 2010) was found. These
observations suggest that the functions of kindlin-2 are cell
type- or integrin-specific, and that its role in cell motility may
differ depending on the biological context.
Almost no data exist on kindlin-2 in human tissues, and its
physiological functions in tissue homeostasis remain elusive.
In this study, we addressed the expression and functions of
kindlin-2 in human dermal fibroblasts (NHFs) in vitro and in
the skin in situ and show that kindlin-2 regulates adhesion
and directed migration of NHF by mediating the formation of
focal adhesions (FAs) and stress fibers. Furthermore, kindlin-2
is essential for maturation of FAs in myofibroblasts, which have
an important role in wound healing and tissue remodeling.
RESULTS
Domain-specific kindlin-2 antibody detects expression
in skin cells
To address kindlin-2 expression sites and levels in a multi-
compartment organ, such as the skin, a new polyclonal
antibody was raised against a mixture of two N-terminal
peptides of human kindlin-2 (Supplementary Figure S1a
online). The affinity-purified antibody is specific, it recog-
nizes both human and murine kindlin-2, but not kindlin-1 or
other FERM proteins (Figure 1a and b and Supplementary
Figure S1b, c online). Immunoblotting of Hek293 cells,
which express endogenous kindlin-2, revealed a unique band
of about 72 kDa, whereas HT-29 cells, which express kindlin-
1, but not kindlin-2 (Shi et al., 2007), remained negative
(Figure 1a). Kindlin-2 was detected in all major skin cell
types, keratinocytes (normal human keratinocytes (NHK)),
NHF, and melanocytes, as well as in kindlin-1-deficient
Kindler syndrome keratinocytes, HaCaT keratinocytes, and
the squamous cell carcinoma-25 line (Figure 1b). Quantita-
tion by immunoblot and reverse transcriptase-PCR (RT-PCR)
analysis showed that kindlin-2 is expressed at about 10-fold
higher levels in NHF than in NHK. In fully spread and
elongated NHF, it was found in the FA, partially colocalized
with b1 integrin, vinculin, and talin, as assessed with
confocal microscopy (Figure 1c–e).
Kindlin-2 deficiency in NHF results in small FA and an
elongated cell shape
As NHF are the major kindlin-2-expressing cells in the skin,
we used these to obtain indirect information on physiological
functions of this kindlin. To this end, NHF were treated with
irrelevant control small interfering RNA (siRNA and three
different human kindlin-2-specific siRNAs (siRNA-K2-1, -2,
and -3). All specific siRNAs, but not the control siRNA, led to
the efficient knockdown of kindlin-2 in NHF (Figure 2a, left
panel and Supplementary Figure S2a online). To confirm their
specificity, the same siRNAs were used to treat normal mouse
fibroblasts. In contrast to human cells, in mouse cells only
siRNA-K2-3 had a significant impact on kindlin-2 expression,
which was reduced by about 80% (Figure 2a, right panel).
Indeed, only siRNA-K2-3 matches the mouse complementary
DNA sequence, whereas siRNA-K2-1 and -2 are only
partially complementary to the mouse complementary
DNA. These results demonstrate the specificity of the siRNAs
used in this study. Moreover, to consolidate the findings we
also knocked down kindlin-2 in NHF using kindlin-2-specific
short hairpin RNA (shRNA) lentiviral particles (shRNA-K2)
and selection with puromycin. Compared with control cells,
in this stable knockdown cell line kindlin-2 expression was
reduced by 70–80% over the time experiments were
performed (Figure 2b). In cells treated with the three
siRNA-K2 s, B90% reduction of kindlin-2 expression was
achieved which lasted from 48 to 120 hours after treatment,
as demonstrated on RNA and protein level (Figures 2c and
Supplementary Figure S2 online). Importantly, in kindlin-2
knockdown cells, neither compensation by kindlin-1 nor
changes in the expression of vinculin, talin, ILK, b1 integrin,
or focal adhesion (FA) kinase occurred (Supplementary Figure
S2 online). These results prove the specific effect of the
siRNA on kindlin-2, and suggest that the impact on the cell
phenotype resulted specifically from kindlin-2 deficiency.
Irrespective of the siRNA or shRNA treatment, kindlin-2
knockdown cells, but not controls, adopted a narrow shape
with smaller surface area (Figure 2d). The mean elongation
index of siRNA-K2 cells (n¼140) was 9.5±0.5, versus
6.7±0.3 in controls (n¼144; Po0.0001), and the mean cell
surface area of siRNA-K2 cells (n¼ 200) was 1571±800mm2
versus 2106±1110mm2 in controls (n¼ 157; Po0.0001)
(Figure 2e). In immunofluorescence (IF) staining with kindlin-
2 antibodies, the signals at the periphery of control cells were
absent in siRNA-K2 cells, proving the efficient protein
knockdown and the specificity of the antibody (Figure 2f).
However, the FA formation was clearly disturbed in siRNA-
K2 cells. Visualization with vinculin staining (Figure 2g) and
quantification of FA area demonstrated that in siRNA-K2
cells, FA were significantly smaller than in control cells
(mean area 1.8±1.6 mm2, n¼ 1706 versus 2.0±1.7 mm2,
n¼1872; Po0.01). In concert, the actin cytoskeleton of
siRNA-K2 cells contained fewer stress fibers and a thinner
cortical network than control cells (Figure 2h).
To further validate these results obtained with kindlin-2-
deficient cells, we expressed recombinant kindlin-2 tagged
with red fluorescent protein in COS7 cells. A threefold
overexpression of kindlin-2 was achieved as demonstrated by
immunoblot analysis (Supplementary Figure S3a online).
Kindlin-2-overexpressing cells were well spread, and had
well defined FAs. In contrast, red fluorescent protein-expres-
sing cells were similar, or even smaller than not transfected
cells (Supplementary Figure S3b online). Taken together, these
observations demonstrate the role of kindlin-2 in the control of
cell shape, in the maturation of FA and the stabilization of the
fibroblast–extracellular matrix (ECM) contacts.
To explain the above phenotypes, we explored in more
detail the effect of kindlin-2 depletion on spreading, FA
formation, and cytoskeletal organization. Time-lapse micro-
scopy demonstrated that control NHF seeded on fibronectin
had spread by 15minutes and started elongation by
30minutes, whereas kindlin-2-deficient cells were still
rounded and incompletely spread, and started to elongate
only after about 3 hours (not shown). By 60minutes, control
cells showed kindlin-2 in the b1 integrin clusters in
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Figure 1. The antibody to kindlin-2 reveals high expression of kindlin-2 in normal human primary dermal fibroblast (NHF). (a) Immunoblots of HT-29 and
Hek-293 cell lysates with the affinity purified new kindlin-2 antibody, with a monoclonal kindlin-1 antibody, and with tubulin antibodies as loading control.
(b) Immunoblot of lysates of Kindler syndrome (KS) keratinocytes, NHK, HaCaT cells, squamous cell carcinoma (SCC)-25, NHF, and normal human
melanocytes (M). To control loading, the blots were incubated with antibodies to glyceraldehyde-3-phosphate dehydrogenase (GAPDH). The numbers on the
left indicate the molecular mass in kDa. NHFs were double stained with antibodies to kindlin-2 and to b1 integrin (c), vinculin (d), or talin (e). Insets represent
twofold magnifications of the marked areas; nuclei were visualized with 4’,6-diamidino-2-phenylindole. Bars¼20 mm.
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peripheral FA, whereas in siRNA-K2 cells b1 integrin was not
clustered or activated, and talin stained diffusely in the
cytoplasm (Figure 3a–f). These findings demonstrated that
kindlin-2 is required for the early stages of FA formation, not
only for clustering and activation of integrins, but also
for targeting of talin to the membrane and its incorporation
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Figure 2. Downregulation of kindlin-2 in normal human primary dermal fibroblast (NHF) leads to changes of cell shape and focal adhesion. (a) Immunoblots
of lysates of NHF and normal mouse primary dermal fibroblast (NMF) transfected with control siRNA (Co), or with three different kindlin-2-specific siRNAs
(siRNA-K2) 1, 2, and 3, were incubated with antibodies to kindlin-2, and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) or b-tubulin as loading controls.
(b) NHF were transduced with irrelevant shRNA (Co) or kindlin-2-specific shRNA (sh-K2) particles and the lysates were analyzed by immunoblot with
anti-kindlin-2 and anti-GAPDH antibodies. (c) Control and siRNA-K2-1 treated NHF were lysed 48, 72, 96, or 120 hours after transfection and immunoblotted
with antibodies to kindlin-2 and tubulin. The right panel shows the quantification of the band densities. (d) The left and middle panels show phase-contrast
photographs of NHF treated with control or with the siRNA-K2-1, -2, and -3. Control and kindlin-2 shRNA treated NHF are shown in the right panels.
(e) The upper graph shows the elongation index calculated as the ratio between the cell length and the cell width; for each cell type, the index of more than 140
cells in three independent experiments was calculated. The lower graph shows the cell surface area. ***Po0.0001. The box-and-whisker plots indicate the 25th
percentile (bottom line), median (middle line), 75th percentile (top line), and minimum and maximum values (whiskers). Cells cultivated on cover slips were
fixed and stained for kindlin-2 (f), vinculin (g), and F-actin (h). Insets represent 2.5-and 1.6-fold magnifications. Bars¼ 20 mm. shRNA, short hairpin RNA;
siRNA; small interfering.
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Figure 3. Kindlin-2 deficiency impairs cell spreading, focal adhesion formation, and cytoskeletal organization. Control and small interfering RNA-K2
(siRNA-K2) cells were plated on fibronectin-coated cover slips for 60minutes and immunoreacted with antibodies to total b1 integrin (4B7R) (a and b), b1 integrin in
active conformation (12G10) (c and d), kindlin-2 (e), talin (f), tubulin (g), and with phalloidin. On the right of panels b and d, vertical sections (V) of the cells
are shown. Bars¼20mm. (h) Equal numbers of control and siRNA-K2 cells were allowed to adhere for 1hour in plates coated with fibronectin (FN) or collagen I
(Col I) in the presence of MnCl2 (Mn; 0.05mM) or vehicle. Gray bars correspond to control cells and black bars to siRNA-K2 cells. *Po0.05 (i) Flow cytometry of total
and active b1 integrin at the surface of siRNA-K2 (red) and control (black) cells. Blue curves represent background staining obtained with the isotype-specific
antibody.
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into FA. Interestingly, the actin and tubulin cytoskeleton was
perturbed in kindlin-2-deficient cells. Instead of the coordi-
nated overlap of the two networks observed in control cells,
the cortical actin network was almost absent, and tubulin
microfilaments were strongly interconnected at the cell
cortex in siRNA-K2 cells (Figure 3g). Despite the effect on
spreading, adhesion of kindlin-2-deficient cells to fibronectin
and collagen I was diminished by only about 30% (Figure
3h). Addition of MnCl2 to the cells, to directly activate
integrins, enhanced adhesion of both control and siRNA-K2
cells to some extent, but kindlin-2-deficient NHF still adhered
less than controls, although the differences were not
statistically significant (Figure 3h). Taken together, kindlin-2
exerts strong effects on NHF spreading and adhesion. These
processes depend on integrin activation and can be over-
come in part by manganese treatment. In agreement with this,
florescence-activated cell sorter analysis with the antibody
12G10, which recognizes only activated b1 integrin
(Humphries et al., 2005), demonstrated reduced signals in
kindlin-2-deficient cells, whereas the total amount of b1
integrin at the cell surface was not changed (Figure 3i).
Kindlin-2 depletion impairs directional migration of NHF
Cell migration is a process that requires precise regulation of
integrin-mediated adhesion and its release (van der Flier and
Sonnenberg, 2001). Therefore, we used three settings to
determine the impact of kindlin-2 on migration of primary
NHF. First, in vitro wound closure assays demonstrated that
siRNA-K2 cells closed scratch wounds slower than did
control cells (wound area 57.9% by 48 hours, versus 32.2%
in control cultures, Po0.05, Figure 4a). Kindlin-2-deficient
NHF were unable to coordinate and form leading fronts and
moved individually in a scattered manner. Second, in a
transwell migration assay significantly fewer siRNA-K2 cells
migrated through 8mm pores than did control cells
(Figure 4b). A similar behavior was observed when the
membranes were coated with collagen I or fibronectin. Third,
time-lapse video microscopy demonstrated that kindlin-2-
deficient cells have a significantly reduced velocity (mean
value 0.205±0.026 versus 0.455±0.047mm per minute,
Po0.0001). They migrated in an undirected manner, as
reflected by the decreased processive index (mean value
0.406±0.046 versus 0.618±0.045, Po0.005) and the short
sinuous tracks (Figure 4c and d). Because Rac1 orchestrates
multiple cellular events including cell migration and organi-
zation of the cytoskeleton, its activation was assessed. Three
independent pull down assays demonstrated that guanosine
triphosphate (GTP)-bound Rac1 was decreased by 77% in
siRNA-K2 cells (Figure 4e), indicating that kindlin-2 signals
via small Rho GTPases to modify cell shape and migration.
Kindlin-2 mediates fibroblast force transmission: implications
for wound healing
Because NHF exist in a three-dimensional collagen-rich
environment in vivo, we used contracting type I collagen gels
to study the behavior of NHF in such an environment (Dallon
and Ehrlich, 2008). In this model, contraction of the gels
depends on cell tractional forces related to locomotion and
initial elongation, and spreading of the cultured cell. Control
and siRNA-K2 NHF seeded in free-floating collagen gels
demonstrated different behavior. siRNA-K2 NHF contracted
the gels significantly slower than controls (mean gel areas %
from initial were 47.7% versus 31.0% by 24 hours Po0.001,
32.3% versus 18.3% by 48 hours, Po0.01, Figure 5).
The in vivo correlate for collagen gel contraction is wound
contraction and remodeling during tissue repair. In this
process, under mechanical tension NHF differentiate into
myofibroblasts, which are characterized by neo expression
and incorporation of a-smooth muscle actin (SMA) into stress
fibers (Hinz, 2007). The fibers are anchored into large mature
FAs with a specific molecular composition (Eyden, 2008). As
our experiments established the role of kindlin-2 for FA
formation and organization of the cytoskeleton, the predic-
tion was that it also has a role in myofibroblasts. To test this,
we treated NHF with transforming growth factor-b 1 (TGF-b1)
to induce myofibroblast differentiation. This induced de novo
expression of SMA in a part of the cell population and
upregulated kindlin-2 expression by 2.3-fold (Po0.05, not
shown). In SMA-expressing myofibroblasts, kindlin-2 loca-
lized into mature FAs linked to SMA-positive stress fibers
(Figure 6a), whereas in SMA-negative NHF it was diffusely
distributed in the cytoplasm and in small immature FA (Figure
6b). When kindlin-2 was knocked down by si- or shRNA
treatment, NHF still expressed SMA, but it remained diffusely
distributed in the cytoplasm and was not incorporated into
stress fibers (Figure 6c). In contrast to control cells, in TGF-
b1-treated shRNA-K2 cells vinculin was diffusely distributed
in the cytoplasm and FA formation was impaired (Figure 6d
and e). These data suggest that in functional myofibroblasts
kindlin-2 is present in mature FA and is linked to SMA-
positive stress fibers and thus, it is important for cell-matrix
adhesions. The findings were validated in vivo in 4–6 week-
old human scars. These contained spindle-shaped myofibro-
blasts expressing SMA and kindlin-2 in the dermis (Figure 6f).
In contrast, in normal steady-state dermis with quiescent
NHF, kindlin-2 expression was barely detectable (not
shown). These data link the functions of kindlin-2 to
physiological wound closure and tissue repair. It acts, on
one hand, by guiding adhesion and directional migration of
NHF, and, on the other hand, by contributing to maturation
of FA and to cytoskeletal organization in contractile
myofibroblasts.
DISCUSSION
In this study, we uncovered the physiological functions of
kindlin-2 in dermal NHF. The mechanisms of action include
contributions to b1 integrin clustering and activation,
formation and maturation of FA, organization of the
cytoskeleton and, consequently, the interactions between
cells and their microenvironment.
This study was initiated because very little was known
about the physiological functions of kindlin-2 in adult tissues.
To avoid unknown effects in immortalized cell lines, we
focused on primary human dermal NHF, which express large
amounts of kindlin-2 in vitro. For analyzing the expression on
protein level, a new domain-specific kindlin-2 antibody was
250 Journal of Investigative Dermatology (2011), Volume 131
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generated, which is highly specific and functions in
immunoblotting, IF, and immunoprecipitation. As no human
disease is known to be associated with kindlin-2 mutations,
natural kindlin-2-deficient cells are not available. Therefore,
we chose knockdown by siRNA to obtain indirect evidence
on kindlin-2 functions in NHF.
In vitro, NHF grown on plastic differentiate into proto-
myofibroblasts. They differ from quiescent fibroblasts in
normal steady-state dermis in vivo by the presence of FA
and actin stress fibers, and actually correspond to fibroblasts
found in early granulation tissue (Tomasek et al., 2002).
Under these conditions, kindlin-2 knockdown had a sig-
nificant impact; it induced elongation of cell shape and
reduction of the surface area, diminished FA size and loss of
actin stress fibers. During cell spreading kindlin-2 proves to
be essential for FA formation and organization of the
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cytoskeleton. In control NHF, integrin clusters at FA were
visible by 1 hour after plating, elongating toward the cell
center or along the cell margin, associated with actin at the
cell cortex. In contrast, in the absence of kindlin-2, integrin
clustering was impaired, the cortical actin network reduced,
and maturation of adhesion and progression to fully
elongated cell morphology was blocked. It has been
suggested that integrin clustering requires an immobilized
ligand, activated integrin, PI(4,5)P2, and availability of talin
(Cluzel et al., 2005; Saltel et al., 2009), but the present data
clearly demonstrate that kindlin-2 is also necessary. Intrigu-
ingly, the distribution of tubulin microfilaments was severely
perturbed by the loss of kindlin-2, suggesting its involvement
in the coordinated organization of microfilaments and
microtubuli at the cell periphery.
Other functional consequences of kindlin-2 knockdown in
NHF were reduced and uncoordinated directional migration.
These functions are similar to those of kindlin-1 in epithelial
cells (Herz et al., 2006; Has et al., 2009; Lai-Cheong et al.,
2009a). However, the present study revealed a new role for
kindlin-2 in the exertion of tractional forces and contraction
of collagen gels, which both are likely to be related to the
structural abnormalities of FA and cytoskeleton, but also to
perturbed integrin and Rho GTPase signaling.
Myofibroblasts are key factors in the physiological
reconstruction of the ECM after injury and in generating
fibrosis (Hinz, 2007). They are characterized by the presence
of SMA-positive stress fibers anchored into large supermature
FA, which exhibit a specific molecular composition expres-
sing high levels of avb3 and a5b1 integrins, vinculin, paxillin,
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talin, tensin, a-actinin, and focal adhesion kinase (Eyden,
2008). In this study, we demonstrate that kindlin-2 is also a
component of mature and supermature FA in myofibroblasts
in vitro and that its presence is crucial for the organization of
SMA into stress fibers.
The above observations suggest that kindlin-2 has im-
portant functions during wound healing in vivo. The response
to skin injury encompasses a succession of fine-tuned and
self-limiting events including inflammatory processes, forma-
tion of new tissue, and remodeling (Gurtner et al., 2008;
Schafer and Werner, 2008). NHF are attracted to the wound
site and stimulated by macrophages to differentiate into
myofibroblasts, which produce ECM, contract the wound,
and bring the edges together (Gurtner et al., 2008). We
validated the prediction by showing that dermal myofibro-
blasts in 4–6 week-old human scars strongly express kindlin-
2. This indicates that kindlin-2 is required in the middle–later
stages of wound healing, when it promotes migration and
ECM interactions of NHF and tissue remodeling.
Taken together, discerning the phenotype induced by
kindlin-2 deficiency in primary dermal NHF has uncovered
new functions for this kindlin and shown its involvement in
essential regenerative processes, such as cutaneous wound
repair.
MATERIALS AND METHODS
Tissue samples and cell cultures
Normal skin and scar specimens were obtained after informed
written consent from patients who underwent surgery. Normal
human and mouse fibroblasts were isolated from skin and grown in
DMEM (Invitrogen, Karlsruhe, Germany) containing 10% fetal calf
serum and 1% glutamate, penicillin G, streptomycin, and ampho-
tericin B (Konig and Bruckner-Tuderman, 1991). The Kindler
syndrome and NHK (Has et al., 2009), HaCaT and squamous cell
carcinoma-25 cell lines were cultivated in keratinocytes growth
medium (Invitrogen). Human colon adenocarcinoma (HT-29),
human embryonic kidney (Hek293) cells and COS7 cells were
grown in DMEM with 10% fetal calf serum and 1% glutamate.
Normal human foreskin melanocytes were obtained from PromoCell
(Heidelberg, Germany). Cells were observed and photographed with
an inverted Olympus microscope and an Olympus C-7070 camera
(Olympus, Hamburg, Germany). The surface areas were measured
Kindlin-2 / SMA
Kindlin-2
Kindlin-2 / Vinculin
SMA Merge
Figure 6. Kindlin-2 in myofibroblasts and in human skin scar tissue. Control (a and b) and short hairpin RNA-K2 (c) normal human primary dermal fibroblast
were treated with transforming growth factor-b1 for 5 days, then fixed and immunostained with antibodies to kindlin-2 (green) and smooth muscle actin
(SMA; red). The inset shows a 1.8-fold magnification of the indicated area. Control (d) and short hairpin RNA-K2 (e) normal human primary dermal
fibroblast treated with transforming growth factor-b1 were fixed and immunostained with antibodies to kindlin-2 (green) and vinculin (red). (f) Dermal scar
tissue stained with antibodies to kindlin-2 (green) and SMA (red). 4’,6-Diamidino-2-phenylindole (blue) indicates the nuclei; bars¼ 20mm.
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with Image J software (http://rsbweb.nih.gov/ij/). The elongation
index was calculated as the ratio between the cell length and the cell
width (Iwanicki et al., 2008). The study was approved by the ethics
committee of the University of Freiburg and was conducted in
accordance to the Helsinki protocols.
siRNA- and shRNA-mediated silencing of kindlin-2
For kindlin-2 knockdown, NHF and normal mouse primary dermal
fibroblast were transfected with siRNA duplexes specific to kindlin-2
(Supplementary Table S1 online) or with irrelevant control siRNA
duplexes (Eurogentec, Lie`ge, Belgium) and Lipofectamine 2000
(Invitrogen) according to the manufacturer’s recommendations.
Briefly, cells were seeded at 30–50% confluence and subjected to
transfection the following day. Kindlin-2 expression was analyzed by
RT-PCR and immunoblot. The cells were used for experiments 2–5
days after transfection.
Kindlin-2-deficient NHF were also generated by transducing cells
with kindlin-2-specific shRNA and as a control, with irrelevant
shRNA in the presence of polybrene. Kindlin-2-specific shRNA
lentiviral particles are a pool of concentrated, transduction-ready
viral particles containing three target-specific constructs that encode
19–25 nucleotides (plus hairpin) shRNA designed to knock down
gene expression (Santa Cruz Biotechnology, Heidelberg, Germany).
For stable transduction, the cells were treated with puromycin. The
expression of kindlin-2 was assessed on RNA and protein level, by
RT-PCR and immunoblotting, respectively.
TGF-b treatment
To induce differentiation into myofibroblasts, NHF were treated with
5 ngml1 TGF-b1 for 5 days (PeproTech, Hamburg, Germany)
(Dugina et al., 2001). Briefly, NHF were treated with TGF-b1 at day
0, transfected with control or kindlin-2 siRNA at day 3, and fixed for
IF staining at day 5. Control and shRNA-K2 cells were grown for 5
days with TGF-b1 and then fixed for IF staining.
Recombinant kindlin-2 expression
COS7 cells were transfected with the full length human kindlin-2
complementary DNA, which was cloned between the restriction
sites NheI and XhoI of the pmaxFP-Red-N vector, or with the empty
vector expressing red fluorescent protein (Lonza, Cologne, Ger-
many). Briefly, 2 105 COS7 cells were seeded in six-well plates
and were transfected with 3mg plasmid using lipofectamine 2000
(Invitrogen), according to the manufacturer’s instructions.
RNA extraction and RT-PCR
Total RNA was extracted with the QiAmp RNA blood mini kit
(Qiagen, Hilden, Germany) from subconfluent cells. Reverse
transcription was performed with Advantage RT-for-PCR Kit (BD
Biosciences, Oxford, UK). The primers used for amplification are
listed in Supplementary Table S2 online. Each experiment was
performed in triplicate and values were normalized to glyceralde-
hydes 3-phosphate dehydrogenase.
Antibodies
A new domain-specific antibody to human kindlin-2 was produced in
rabbits against a mixture of two synthetic peptides, spanning amino
acids 4–19 and 189–203, respectively, and affinity purified (Eurogentec).
A monoclonal antibody to human kindlin-1 was produced in mice
against a peptide spanning amino acids 153–171 (ProMab Biotechno-
logies, CA). Primary and secondary antibodies used for immunoblotting
and IF staining are listed in Supplementary Table S2 online.
Protein extraction and immunoblotting
Confluent cell monolayers were lysed and homogenized as
described (Has et al., 2009). Conditioned media were supplemented
with 1mM EDTA and 1mM Pefabloc and precipitated with
methanol–chloroform. The protein content was determined with
micro Lowry assay (DC Protein Assay, Bio-Rad, Munich, Germany).
For immunoblotting, equal amounts of proteins were separated on
6–10% SDS-PAGE under reducing conditions and transferred to
nitrocellulose membranes. The membranes were incubated with
primary antibodies overnight at 41C, followed by incubation with
secondary antibodies. Visualization was with nitro blue tetrazolium
chloride and 5-bromo-4-chloro-3-indolyl phosphate in detection
buffer or with ECL Plus system (Amersham, Freiburg, Germany).
Band intensities were quantified with Gel-Pro Analyzer software
(MediaCybernetics, MD).
IF staining
Cryosections were fixed with acetone, blocked with 2% BSA in Tris-
buffered saline for 30minutes, and then incubated with primary
antibodies at 41C overnight or 2 hours at room temperature (Herz
et al., 2006). Cells were seeded on fibronectin coated coverslips and
allowed to adhere for 1 hour, or on uncoated glass coverslips and
allowed to grow for 2 days, fixed, and processed as described (Has
et al., 2009). Tetramethylrhodamine-5-isothiocyanate-conjugated
phalloidin (Chemicon, Schwalbach, Germany) was applied together
with secondary antibodies. Nuclei were visualized with 4’,6-
diamidino-2-phenylindole. The cover slips were mounted (Dako,
Cytomation, Hamburg, Germany), and observed by laser scanning
confocal microscopy (LSM510, Carl Zeiss) or with IF microscopy
(Zeiss Axio Imager, Zeiss, Oberkochen, Germany). Images were
captured using Zeiss internal software. The FAs were visualized by
vinculin staining and confocal microscopy and the area of the FA
was measured with the software ImageJ. For each cell type, 10
different fields were analyzed, comprising more than 1500 FAs.
Cell spreading and adhesion assays
Cell spreading on fibronectin coated culture dishes (Ibidi, Munich,
Germany) was monitored by taking pictures every minute over
4 hours by time-lapse microscopy in a Nikon’s Biostation IM (Nikon
instruments, Melville, NY). For cell adhesion assays, tissue culture
wells were coated with 10ngml1 of collagen I (Sigma-Aldrich,
St Louis, MO) or 10ngml1 of fibronectin (Sigma-Aldrich) at 41C
overnight. After saturation with 1% BSA, equal numbers of cells were
seeded. Cells in DMEM, or DMEM with 0.05mM MnCl2 were allowed
to adhere for 1 hour at 371C, fixed with ethanol and stained with 0.5%
crystal violet for 15minutes. Adherent cells were photographed and
quantified by measuring the optical density at 540nm with an Infinite
200 microtiter plate reader (Tecan, Gro¨dig, Austria). The results of
eight measurements from two independent experiments are shown.
Cell migration assays
Monolayer wounding assays were performed as described (Herz
et al., 2006; Viglio et al., 2008). Briefly, confluent control and
siRNA-K2 cells were wounded with a 20-ml pipette tip to generate an
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acellular area, rinsed with PBS and further incubated with DMEM
with 1% fetal calf serum. Wounds were examined and previously
marked areas photographed at successive time points up to 48 hours.
The wound area was measured using Image J software.
Transwell cell migration was performed using 8-mm pore
transwell plates as described (Viglio et al., 2008). In brief, 2 104
control and siRNA-K2 cells were seeded into the upper chamber,
allowed to adhere and to migrate through the uncoated or coated
(with fibrinogen or collagen I) filter for 24 hours. Non-migrating cells
were removed from the upper filter surface using a cotton swab; cells
that had migrated to the lower surface were fixed with methanol,
stained with 0.5% crystal violet and photographed. Migration was
quantified by counting the stained cells in five non-overlapping
fields. The data were presented as means of triplicate wells from two
independent experiments.
Finally, cell motility was monitored by the time-lapse imaging
system Nikon’s Biostation IM. Phase-contrast photographs were
captured every 5minutes for 2 hours with the Biostation IM system
(Improvision, Coventry, UK). The migration parameters and tracks of
cells were analyzed using the Imaris 6.2.0 software (Imaris, Melville,
NY). Extracted migration parameters included cell velocity (cell
speed in mm per minute) and the processive index, defined by the
ratio between the direct distance from start point to end point and
the total track distance.
Flow cytometry
Control and siRNA-K2 cells (2 105) were trypsinized, washed
twice with PBS, and then incubated with primary antibodies to
detect the total (4B7R) and the active conformation (12G10) of b1
integrin (Humphries et al., 2005). After washing with PBS with 1%
BSA and 0.05% NaN3, cells were incubated with FITC conjugated
F(ab0)2 goat anti mouse immunoglobukin (HþC) antibody (Immu-
notech, Vaudreuil-Dorion, QC, Canada) for an additional 15min-
utes. A parallel control experiment using isotype controls was
conducted. Flow cytometry acquisition was performed using the BD
FACSCantoII (BD Biosciences).
Contraction of collagen gels
One day after transfection with control or kindlin-2-specific siRNA,
NHF were seeded at a density of 1.5 105 cells per ml onto 60mm
bacteriological plates in DMEM supplemented with 10% fetal calf
serum, sodium ascorbate (50 mgml1), and 0.6mgml1 of acid-
extracted rat tail collagen I (Zhang et al., 2006). The cultures were
placed at 371C to allow collagen polymerization, and gradual
contraction was monitored by measuring gel diameter of triplicate
setups at successive time points up to 96 hours.
Rac1 GTPase pull-down assay
GTPase pull-down assays were performed as described previously
(Pop et al., 2004). Briefly, subconfluent cells were lysed and GTP
bound, active Rac1 was pulled down by glutathione S-transferase–-
protein binding domain fusion protein with the Rac1-binding region
of PAK-1B. The cell lysates and the pull-down fractions were
separated by SDS-PAGE on 15% polyacrylamide gels under
reducing conditions. The proteins were transferred to nitrocellulose
membranes and incubated with anti-Rac1 antibodies, followed by
secondary antibodies. The relative amount of active, GTP-bound
Rac1 was normalized to the total content of Rac1 in the lysate.
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